Background. The decreased protein intake may lead to protein-energy wasting and poor survival. It is unknown what the appropriate protein intake in patients on peritoneal dialysis (PD) is. We aimed to explore the appropriate levels of daily protein intake (DPI) in favor of outcome in a large PD cohort. Methods. Our study enrolled 305 incident patients, who could be followed regularly. Demographic data were collected at baseline. Biochemical, dietary and nutritional data and dialysis adequacy were measured at the baseline and thereafter at regular intervals. Outcome events included all-cause death, cardiovascular disease (CVD) death and first-episode peritonitis. Results. A total of 127 patients died during the 44.5-month follow-up, 41.7% of whom died from CVD. A total of 129 cases first-episode peritonitis were observed. Patients with a high tertile of baseline DPI (!0.94 g/kg/day) had significantly higher serum albumin, prealbumin, hemoglobin, lean body mass and handgrip strength compared to the low tertile group ( 0.73 g/kg/day) (P < 0.05-0.001). They also had significantly lower risk for all-cause, CVD death and first-episode peritonitis than the low tertile group adjusted for commonly recognized confounders. Although patients in the middle tertile of DPI (0.74-0.93 g/kg/day) did not show significant differences in the majority of nutritional markers, all-cause and CVD mortality compared to high tertile group, they had a trend to a negative nitrogen balance and similar risk for first-episode peritonitis to the low tertile group. The DPI included as a time-dependent variable could not predict any outcome events in multivariate Cox models. Conclusions. Our study revealed that DPI <0.73 g/kg/day was associated with protein-energy wasting and worst outcome for PD patients. The DPI >0.94 g/kg/day was in favor of nutrition status and long-term outcome in this population.
Introduction
Protein-energy wasting is a common phenomenon in patients with end-stage renal disease including peritoneal dialysis (PD) and hemodialysis (HD). As one of the reasons for protein-energy wasting, the deficient protein and energy intake are also regarded as representative nutrition markers [1] . However, the appropriate dietary protein intake (DPI) level is controversial [2, 3] . Although NKF-KDOQI recommends 1.2 g/kg/day of DPI for the dialysis population [4] , this level has practical difficulties to be fully achieved. It is reported that DPI <1.2 g/kg/day actually could maintain a relatively good nutrition status in some studies [5] [6] [7] . One of the explanations is that the NKF-KDOQI recommended DPI level is based on the data of a few nitrogen balance studies, which have methodological limitations, small cases and short duration [8, 9] .
There are two methods to examine if an actual DPI level lower than the recommended target is really safe in dialysis patients. One method is to validate the nitrogen balance study in a large-scale dialysis population, which is expensive, laborious and impractical. Another method is to determine the appropriate DPI levels in terms of long-term outcome for this population. Numerous studies have shown that the decreased protein intake, estimated from dietary records or nitrogen appearance, had a negatively linear or a 'J' shaped association with high mortality in HD patients [10] [11] [12] [13] . The reports from Brazil [11] and USA [12, 13] showed that DPI >0.8 or 1.0 g/kg/day, rather than up to 1.2 g/kg/day, was associated with better outcome in HD patients.
Compared to HD patients, the related evidence on the appropriate DPI level favoring the outcome of PD patients is lacking. Our previous cross-sectional and pilot longitudinal study has shown that PD patient could maintain good nutrition status with 0.8 g/kg/day of DPI [14, 15] . In view to the limited number and short duration of these studies, we aimed to further explore the appropriate DPI levels in a larger PD cohort with longer follow-up with regard to outcome events.
Materials and methods

Subjects and follow-up
Our study enrolled a total of 305 incident patients who could visit us at least once in every 3 months and agreed to be evaluated with dietary and nutrition status. Demographic and clinical data were collected within the week preceding PD catheter implantation, including age, gender, body mass index (BMI), presence of diabetes (DM) and cardiovascular disease (CVD) or not. Chronic comorbid diseases were evaluated by the Charlson comorbidity index as previously described.
Other variables including dietary and nutritional parameters, dialysis adequacy and residual renal function (RRF) were measured at the initiation of PD and thus repeatedly measured during follow-up. All the measurements during the first 6 months were averaged as baseline values. All the repeated and quarterly varying values during the whole study period were available for each measure to calculate the time-averaged and time-dependent value for each patient.
All patients were followed until death, transfer to HD, renal transplantation or the end of study. We recorded all-cause and CVD death as outcome events, respectively. The first-episode peritonitis was also examined as an outcome event. Peritonitis was defined as the presence of at least two of the following conditions: abdominal pain or tenderness, presence of white blood cells in peritoneal effluent in excess of 100 cells/mL, comprising at least 50% polymorphs, and positive dialyzate culture results.
Prophylactic cefazolin was administered prior to Tenckhoff catheter placement in all cases. Dialysis was promptly initiated after catheter placement. All patients were delivered with lactate-buffered glucose PD solutions and the twin-bag connection system (Baxter Healthcare, Guangzhou, China). Patients and their caregivers were trained by nurses in the dialysis clinic with a standard initial training program before they could do the exchange by themselves, which has been published in our previous paper [16] . The study was approved by the Medical Ethical Committee of Peking University. Written informed consent was obtained from each patient.
Dietary variables
A daily intake of not >2.3 g/day of sodium, at least 0.8 g/kg of protein and 25 kcal/kg of energy has been recommended in terms of our previous data and guideline from EBPG and ISRNM at the initiation of PD treatment [1, 14, 17] .
During the follow-up, all patients completed 3-day dietary records before they visited the dietitian. A dedicated dietitian checked the diary using food models. The dietary records would be invalid if they were recorded <3 days or did not get checked successfully by the dietitian. Daily nutrient intake was calculated by using a computer software program (PD information Management System; Peritoneal Dialysis Center, Peking University, Beijing, China). The total caloric intake includes intake from dietary and dialyzate sources. Both daily total protein and energy intake (DPI and DEI) were normalized for standard body weight.
Biochemical, nutritional, inflammatory variables, dialysis adequacy and RRF Biochemical indices including hemoglobin (Hb), serum albumin (Alb), prealbumin (PA), blood urea nitrogen, serum creatinine, calcium (Ca), phosphate (P) and potassium and total cholesterol (TCHO) were examined using an automatic Hitachi chemistry analyzer. Serum high-sensitive C-reactive protein (CRP) was measured by immune rate nephelometric analysis. The value of CRP >3 mg/L was seen to be abnormal. Handgrip strength (HGS) was evaluated in both the dominant and nondominant arm using the dynamometer, which was repeated three times and the greatest value was recorded in Newton (N).
The glucose concentration and volume of instilled dialyzate were recorded 1 day before clinic visit. Also, a 24-h urine and dialyzate sample was collected. The urea, creatinine and glucose levels in 24-h urine, 24-h dialyzate and serum were simultaneously examined by using the automatic Hitachi chemistry analyzer. Weekly total, peritoneal and renal Kt/V urea; weekly total, peritoneal and renal creatinine clearance and RRF were calculated using standard methods. Lean body mass (LBM) by creatinine kinetics method was used to reflect muscle protein stores [18, 19] . RRF was estimated using the average renal clearance of urea and creatinine. Normalized protein equivalent of nitrogen appearance (nPNA) was calculated using Bergstrom et al. [20] II formulas. The 24-h dialyzate-to-plasma ratio for creatinine (D/Pcr) was calculated to determine transport characteristics [21, 22] .
Statistical analyses
Statistical analyses were performed using the SPSS software package (version 13.0; SPSS, Chicago, IL). Parametric data are presented as mean AE SD. Nonparametric data are presented as median values with their interval from the 25th to 75th percentile. Categorical variables were expressed as percentage or ratio.
Spearman bivariate correlation analysis was used to analyze the correlation of the DPI with other nutritional parameters. One-way analysis of variance, Kruskal-Wallis or the chi-square tests was used to compare the differences of variables between groups.
The predicting role of baseline and time-dependent DPI was examined in conventional and time-dependent multivariate models, respectively. Patient follow-up time was computed as the time of starting PD to the date of outcome events including all-cause or CVD death and first-episode peritonitis, respectively, or censored at death, transplantation and transfer to HD, whichever was earliest. First of all, DPI as a continuous variable was examined in multivariate Cox proportional-hazard regression. Then, the tertile of DPI as a categorical variable was determined with its predicting roles in the same models. The adjusted hazard ratios (HRs) of DPI for all-cause, or CVD death and first-episode peritonitis were shown, respectively. Recognized confounders including age, gender, BMI, DM, CRP, RRF, Hb and D/Pcr were adjusted in each conventional multivariate model and age, gender, BMI, DM, time-dependent CRP, RRF, Hb and D/Pcr in each time-dependent multivariate model. The final models contained the variables that remained in the model with a significant level of 0.05. The HRs and their 95% confidence intervals for outcome events were shown in the final results. All of the reported P-values were two tailed, and statistical significance was set at 0.05.
Results
Baseline characteristics
We followed 305 incident PD patients (129 males, 176 females), mean age of 59.4 AE 14.2 years (range: 19-94 years) for 44.5 AE 20.2 months (26-59 months): 40.3% (123/305) were diabetes, and CVD was present in 61.6% (188/305). In general, our subjects had a preponderance of female, elder and more than usual diabetes.
The baseline DPI and DEI were 0.84 AE 0.16 g/kg/day and 28.3 AE 4.49 kcal/kg/day in the whole cohort. All the subjects were tertiled by the baseline DPI, i.e. 0.73 g/kg/ day of DPI for low tertile, 0.74-0.93 g/kg/day of DPI for middle tertile and !0.94 g/kg/day of DPI for high tertile. The mean DPI values in low, middle and high tertile groups were 0.65 AE 0.08, 0.83 AE 0.05 and 1.00 AE 0.17 g/kg/day, respectively. The baseline demographic and clinical data in three groups are shown in Table 1 . The patients in high/ middle tertile group were more likely to have higher RRF and lower CRP levels compared to patients in the low tertile group (P < 0.01). However, RRF and CRP levels in the middle tertile group were not significantly different from the high tertile group (P > 0.05). In addition, the age, gender, BMI, the presence of diabetes and CVD, peritoneal transport rate and Charlson index were not significantly different between the three groups (P > 0.05).
Outcomes
At the end of the study, 112 patients were still being maintained on PD, 127 had died, 28 had transferred to HD, 30 had undergone renal transplantation and 7 had transferred to other hospitals. The causes of death were CVD in 53 patients, systemic infection in 45, severely malnutrition in 10 and unknown causes or multiple organ failure in 19 . A total of 41.7% (53/127) of all deaths were due to cardiovascular causes. A total of 244 episodes of peritonitis happened during the 13 582 patient-months of follow-up. Peritonitis rate was 55.6 patients-months. A total of 129 first-episodes peritonitis in 305 patients were observed during the study period. The median time to the first-episode peritonitis was 31 months (18-52 months). The first-episode peritonitis resulted in 16 (12.4%) permanent transfer to HD, 17 (13.2%) death and 96 (74.4%) maintenance on PD.
DPI and nutritional parameters
The nutritional parameters in male and female subjects according to the tertile of baseline DPI are shown in Table 2 . The DPI, DEI and nPNA values in the high tertile group were significantly highest in both male and female subjects (P ¼ 0.001). For male subjects, the baseline Alb, PA, LBM and HGS levels in the high/middle tertile groups were significantly higher than those in the low tertile group (P < 0.001-0.05). For female subjects, patients in the high/ middle tertile group also had significantly higher Alb, PA and HGS levels, but only patients in the high tertile group showed a significantly higher Hb and LBM compared to the low tertile group (P < 0.001-0.05). Patients in the high tertile group were not significantly different from patients in the middle tertile group in terms of majority of nutritional markers except for serum phosphate in male subjects. However, according to the discrepancy between DPI and nPNA, only patients in the high tertile group indicated a positive nitrogen balance. Patients in the middle and the the low tertile group were in negative nitrogen balance, losing 0.38 and 2.2 g of nitrogen per day for a 60-kg patient, even more if the body weight was greater. The serum potassium and TCHO values did not show any differences between groups (P > 0.05).
The relationships between baseline DPI, DEI and other nutrition parameters were also examined in female and male subjects, respectively. As shown in Tables 3 and 4 , DPI and DEI significantly correlated to serum Alb, PA and LBM with r between 0.16 and 0.38 (P < 0.001-0.05) in female and male subjects. The DEI, but not DPI, significantly correlated to right and left HGS with r between 0.24 and 0.36 (P 0.001) in female and male subjects. Both DPI and DEI were significantly associated with serum CRP with r between À0.31 and À0.17 (P < 0.001-0.05) in female and male subjects.
The correlations of baseline, time-dependent DPI and outcome events
The predicting roles of baseline DPI in all-cause, CVD death and first-episode peritonitis were examined in multivariate Cox regression models, respectively (Table 4) . First of all, DPI included as a continuous variable was a significant predictor of CVD death and first-episode peritonitis but not all-cause death adjusted for age, gender, BMI, diabetes, CRP, RRF, Hb and D/Pcr. The adjusted HR of CVD death and first-episode peritonitis were 0.14 (0.03-0.66) and 0.22 (0.08-0.57), respectively. In addition, DPI as a categorical variable was enrolled into multivariate Cox regression models. As shown in Table 4 , the high tertile of DPI (!0.94 g/kg/day) was associated with the significantly decreased risk for overall, CVD death and first-episode peritonitis compared to the low tertile group (P ¼ 0.04, 0.009 and 0.007, respectively). Patients in middle tertile of DPI, i.e. 0.74-0.93 g/kg/day, correlated to a higher overall and CVD survival rate but not to a lower peritonitis risk compared to the low tertile group (P ¼ 0.02, 0.009 and 0.17, respectively). There were no differences in the risk for all-cause, CVD death and first-episode peritonitis between the middle and high tertile group (P ¼ 0.90, 0.73 and 0.18, respectively). Next, the predicting roles of time-dependent DPI in all-cause death, CVD death and first-episode peritonitis were examined in time-dependent multivariate Cox regression models, respectively. As shown in Table 6 , time-dependent DPI included as a continuous variable did not predict the all-cause, CVD death and first-episode peritonitis with 0.85, 0.74 and 0.20 of P-values, respectively, adjusted for age, gender, BMI, diabetes, time-dependent CRP, RRF, Hb and D/Pcr. Also, patients with high/middle tertile of time-dependent DPI had no significantly lower risk for all-cause, CVD death and peritonitis, as well as the high tertile of time-dependent DPI group did not show lower risks for all-cause, CVD Values are mean 6 SD, median (25th-75th percentile) or absolute numbers with percentages. DPI, daily protein intake; TKt/V, total Kt/V; Tccr, total creatinine clearance. *P < 0.01 compared to middle tertile group; #P < 0.01 compared to low tertile group.
death and peritonitis compared to the middle tertile of time-dependent DPI group.
Discussion
Our study first showed that baseline DPI 0.73 g/kg/day was associated with malnutrition and the worst outcome in PD patients. Patients with 0.74-0.93 g/kg/day of DPI were not significantly different from patients with !0.93 g/kg/ day of DPI in terms of majority of nutrition parameters, all-cause and CVD mortality. However, these patient indicated a trend to negative nitrogen balance and similar peritonitis risk to those with DPI <0.73 g/kg/day. Therefore, DPI >0.93 g/kg/day was supposed to be beneficial to the long-term outcome for PD population. To our knowledge, this is the first study to explore the appropriate DPI levels with regard to outcome events in PD patients. This level of DPI supported the findings from the previous studies performed in HD patients. One Brazil study showed that DPI <1.0 g/kg/day and DEI <25 kcal/kg/day were associated with worse survival [11] . Another study from the USA also indicated that the best survival was associated with nPNA between 1.0 and 1.4 g/kg/day, whereas nPNA <0.8 or >1.4 g/kg/day was associated with greater mortality in HD patients [12] . Of note, our previous cross-sectional study has shown that well-nourished patients diagnosed using subjective global assessment had 0.81 g/kg/day of DPI and 28 kcal/ kg/day of DEI [14] . Another longitudinal study with 1-year follow-up reported by us also indicated that PD patients were in good condition with DPI~0.8 g/kg/day [15] . Recently, Yao et al. also found that PD patients with 0.8 g/kg/ day, even lower DPI, could maintain a stable nutrition status during 1-year follow-up [23] . Even for new PD patients, we did not find significant differences in the change of Alb, Hb and LBM levels during the first 6 months between 0.8-1.0 and 1.0-1.2 g/kg/day of DPI groups [24] . However, the present study provided more robust evidence on the appropriate DPI levels for PD patients due to the larger cohort of patients with longer observation period, the median being close to 4 years. Based on the present a Values are mean 6 SD. DPI, daily protein intake; DEI, daily energy intake. *P < 0.05, **P < 0.01, ***P < 0.001 compared to middle tertile group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to low tertile group; DP < 0.05, DDP < 0.01, DDDP < 0.001 compared to high tertile group.
findings, DPI >0.93 g/kg/day should be considered as a safer target than 0.8 g/kg/day. In spite of the abovementioned improvements in study design, we are aware that future studies based on randomized assignments to different protein intakes or on nitrogen balance performed in specific dialysis patients would be helpful to confirm our present findings.
One can argue about the relationship between DPI and nutrition status given that Alb and PA actually are inflammatory rather than good nutritional indicators [25] [26] [27] [28] . However, DPI also correlated to LBM and HGS, which were considered as good markers of LBM and could provide important prognostic information independent of other covariates [19, 26, 29, 30] . It seems that the deficient protein and energy intake are closely linked to worse RRF, inflammation and decreased visceral and somatic protein store from our results. However, our data did not show the relationship between lower nutrient intake and comorbid diseases as reported by Davies et al. [31] , which might be due to the fact that the suppression of appetite is influenced by acute comorbid disease to a greater extent than by chronic comorbidity indicated by us before [14] or the measurements of Charlson index not combined with age [32] .
This study implied that dietary intake should be improved when DPI were <0.73 g/kg/day. Of interest, although patients with DPI 0.73 g/kg/day had the worst nutritional status during the follow-up, their mean Alb levels were close to normal range at the baseline and just 1 g/L less than middle and high DPI groups. This supported the previous kinetic data, which indicated that when DPI was deficient, both Alb synthetic and catabolic rates decreased, resulting in the preservation of Alb levels [33] . Serum Alb therefore does not appear to be a good nutrition indicator [25] [26] [27] [28] . However, the obviously negative nitrogen balance obtained in patients with DPI 0.73 g/kg/day will necessarily lead to malnutrition. Therefore, the criteria of nutritional interventions aiming to improve malnutrition in dialysis population should consider not only biochemical nutritional parameters but also their actual nutrient intake. Till now, biochemical nutritional markers or subjective global assessment are the most cited criteria for recruiting participants in studies on oral and parenteral nutrition supplementation [34] [35] [36] . We need more evidence to show the benefits of providing nutrition supplementation to patients based on their actual nutrients intake rather than nutrition markers.
For dialysis patients, we are aware that a single assessment of dietary nutrient intake is inappropriate because their diet probably changed over time as the result of saltrestricted education or fluctuated due to intermittent gastrointestinal symptoms and comorbidities [37, 38] . Therefore, DPI, dietary energy intake; DEI, dietary energy intake. *P < 0.05, **P < 0.01, ***P < 0.001, between two indices. DPI, dietary energy intake; DEI, dietary energy intake. *P < 0.05, **P < 0.01, ***P < 0.001, between two indices. [39] . The nutrient intake including protein and energy intake might have long-term effect on the outcome of dialysis patients. Secondly, when confounders including RRF, CRP and Hb are also measured repeatedly during follow-up and included as time-dependent variables in the multivariate models, there is a possibility that these adjusted covariates could weaken the relationship between DPI and outcome if they are in the causal pathway of DPI toward the outcome. Of note, the protein intake can be estimated from dietary records, food frequency questionnaire (FFQ) and nPNA [17] . The reasons for estimating protein intake from direct dietary records in our study are as the follows. Each new patient was trained by a skillful dietitian, once he or she started the PD treatment. Their dietary records were considered to be precise on the basis of careful check by the dietitian (details in Materials and Methods). On the other hand, available equations for calculating nPNA were developed from subjects achieving nitrogen balance [40, 41] . When patients were in negative or positive nitrogen balance, DPI may be overestimated or underestimated by nPNA. Moreover, the magnitude of nPNA is influenced by Kt/V variation since nPNA is mathematical coupled with Kt/V [10, 42] . Finally, FFQ including numerous questions on the intake frequency of foods during the past 6-12 months, which is not appropriate for the food estimation at short regular intervals as needed in our study.
This study has several strengths. To our knowledge, this is the first study to verify the cutoff values of DPI in favor of survival and free of peritonitis in the large PD cohort. We provide the evidence that DPI 0.73 g/kg/day was associated with protein-energy wasting and poor outcome for PD patients and DPI !0.94 g/kg/day should be recommended for our patients. The participants were thoroughly examined with nutritional and dietary variables directly from dietary records during the long-term follow-up, which gave us the unique chance to determine the impact of DPI on survival rate and peritonitis risk.
We realized the limitations of this study. The dietary recall of protein and energy intake is probably underestimated even if subjects were well educated. We are not sure if our findings are generalizable due to single-center analysis from China. The upper limit of DPI could not be determined in the present study. We cannot preclude an unrecognized factor that confounds the observed associations by being associated with both exposure and outcome. Also, we cannot further confirm our findings due to the observational characteristic of study design.
Conclusions
Our study revealed that DPI 0.73 g/kg/day was associated with protein-energy wasting and worst outcome for PD patients. The DPI 0.74-0.93 g/kg/day was not as safe as DPI !0.94 g/kg/day due to a trend to negative nitrogen balance estimated by the discrepancy between DPI and nPNA and similar peritonitis risk to DPI 0.73 g/kg/day. Although our observational data could not change therapeutic recommendations for dialysis patients, we suggest that deficient nutrients intake should be considered as one of inclusion criteria for nutrition interventions for malnourished dialysis patients. The future randomized controlled studies or nitrogen balance studies are needed to confirm the appropriate DPI levels in PD patients. 
